Abstract: The synthesis and crystallographic characterization of a complex possessing a well-defined {2Fe3S(m-H)} core gives access to a paramagnetic bridging hydride with retention of the core geometry. Chemistry of this 35-electron species within the confines of a thin-layer FTIR spectro-electrochemistry cell provides evidence for a unprecedented super-reduced Fe I (m-H)Fe I intermediate.
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Hydrides at metallo-sulfur centers play a crucial role in key biological catalysis. These roles include nitrogen fixation, [1] hydrogen evolution/uptake by the [FeFe] and [NiFe] hydrogenases, [2] heterolytic cleavage of molecular hydrogen at [Fe] hydrogenase, [3, 4] and such hydrides are likely involved in enzymic catalysis of the interconversion of CO 2 and CO. [5] They have an implicit role as intermediates in electrocatalytic bioinorganic systems which model natural processes. [6] Synthetic bridging hydride species at {2Fe2S} cores are structurally well-established [7] [8] [9] and the chemistry of terminal hydrides at such centers is rapidly developing. [10] [11] [12] [13] Related {2Fe3S} cores have a somewhat closer structural homology to the ironsulfur core of the [FeFe]-hydrogenase subsite. They have provided primary evidence for bridging carbonyl intermediates at Fe I Fe I [14] and Fe I Fe II [15] levels and pathways for the synthesis of free-standing [16] or polymerconfined [17] thiolate-bridged {4Fe4S}-{2Fe3S} assemblies. Herein we describe the synthesis and crystallographic characterization of a complex possessing an unprecedented {2Fe3S(m-H)} core. We show that this diamagnetic Fe II Fe II species undergoes one-electron reduction to a paramagnetic Fe II Fe I state with conservation of the {2Fe3S(m-H)} geometry. [18] Within the confines of a thin-layer spectroelectrochemical cell, further chemistry of this 35-electron species is revealed, and is uncomplicated by reactions with the parent acid complex. Thus decoordination of the thioether ligand and an additional electron transfer is shown to generate an unprecedented super-reduced {Fe I (m-H)Fe I } level which possesses an open coordination site on an iron center.
Reaction of the known {2Fe3S}-pentacarbonyl 1 [14] with PMe 3 gave the complex 2, which was readily converted into [3] [PF 6 ] by protonation (Scheme 1). The solid-state structures of 2 and the {2Fe3S(m-H)} complex [3] [PF 6 ] were confirmed by single-crystal X-ray crystallography (see the Supporting Information and Figure 1, (Figure 2 , blue spectrum). Density functional theory (DFT) simulation supports the formulation of 3 as the mixed-valence 35-electron species in which no ligand rearrangement has occurred (Scheme 2; see the Supporting Information for calculated spectra).
Chemical reduction of 3 + using the acenaphthylene monoanion radical allowed examination of 3 by electron paramagnetic resonance (EPR) spectroscopy (see the Supporting Information). At 165 K in THF, a well-defined isotropic spectrum for the S = 1/2 species is observed. Analysis of the spectrum gives a g factor of 2.0209 with strong coupling to the bridging hydride (A iso = 74 MHz) and to the phosphorus atom (A iso = 41 MHz; see the Supporting Information for simulated spectra). The assignment of the two couplings was confirmed using [D]-3, which exhibits the expected change in coupling pattern. The absolute coupling values are very similar to those in the symmetrical species [HFe 2 (pdt)(CO) 4 (PMe 3 ) 2 ] [18] and the EPR data are therefore fully in accord with the formulation of 3 as a mixed-valence 35-electron species.
The rapid generation of 3 as a standing solution within the confines of the thin-layer spectro-electrochemical cell provides the means of studying its reactivity without the complication of diffusion into bulk solution where reactions with the parent material can take place. Thus in the thin-layer spectro-electrochemistry experiments on 3 + , switching to an open circuit after 2 seconds gives a spectrum for 3 and it is stable for about 3 seconds (see the Supporting Information). However, when the reduction potential is maintained at À1.54 V vs. Fc + /Fc the signals for 3 are lost and a new set of peaks grow in concertedly at 1839, 1866, 1900 and 1945 cm À1 within a six-second timeframe ( Figure 2 , green spectrum). We assign these peaks to the production of a single species formed by one-electron reduction of the paramagnetic 3 to the super-reduced bridging hydride 4 À , in which the thioether ligand has dissociated (Scheme 2). [19] Strong evidence in support of this assignment is based upon the following observations.
1. Re-oxidation of either the super-reduced {2Fe3S} or {2Fe2S} species in the thin-layer cell regenerates the parent cation. . quence of thioether and tertiary phosphine dissociation, respectively.
3. Infrared data were obtained from DFT simulations of the established structure of 3 + , its primary one-electron product 3, and the proposed structure for 4 À : Figure 3 shows a good correlation between the experimental and simulated data across all three complexes (R 2 = 0.983). Spectro-electrochemistry of the deuterated species [DFe 2 (pdt)(CO) 4 
-(PMe 3 ) 2 ]
+ excludes the formation of terminal hydrides as the experimental FTIR spectrum is essentially identical (AE 2 cm À1 ) to that of the protio species, whereas DFT calculations clearly predict distinct spectra.
4. Computational simulations rule out the involvement of thiolate dissociation or of tetranuclear species. [20] [21] [22] The latter are predicted to be high in energy and give calculated IR spectra which are in poor agreement with the experimental data (see the Supporting Information), and attempts to minimize super-reduced {2Fe3S} structures with a dissociated thiolate always resulted in re-formation of the FeÀS bond.
The super-reduced species 4 À cannot be observed on the CV timescale. Slow decoordination of the thioether must precede the second electron transfer, and even at slow scan rates (10 mV À in a flow cell, but not when the same reaction is carried out in bulk, where only unprotonated 2 is obtained. The instability of 4 À under normal synthetic conditions stems from the reaction of the super-reduced state with unreduced 3 + . In the SEC and flow experiments, the restricted reaction volume means that 3 + is rapidly reduced to 3, thus forming 4 À without sacrificial consumption of the parent acid 3 + . In contrast, in bulk electrolysis experiments diffusion of 4 À from the reaction layer into the bulk allows attack by 3 + to yield 2 and dihydrogen, which has been directly detected in closely related systems. Similarly, in preparative experiments where mixing is considerably slower than in the stopped-flow chamber, the same proton-transfer chemistry can occur.
A spectator bridging hydride in a 35-electron system which yields dihydrogen upon protonation/disproportionation [23] together with the formation of a related mixed terminal hydride/bridging hydride have been reported. [24] The latter dihydride, [(m-H)Fe 2 (pdt)(dppv) 2 
(CO)(t-H)]
[pdt = propane-1,3-dithiolate, dppv = 1,2-bis(diphenylphosphino)ethylene], has the terminal hydride located in the basal position: the monoanionic m-H reported in this work can be viewed as an analogue of the conjugate base of this dihydride.
In summary, synthesis of the first protonated {2Fe3S} core has allowed examination of the reductive chemistry of these biologically relevant species. [25] and while 4 À is not a close model for H sred it is notable that we are able to confirm the accessibility of discrete Fe I Fe I hydrides. In a general context, we may note that ligand dissociation or rearrangement following electron transfer to a closed-shell system at which an additional proton can bind is implicated in all electrocatalytic systems based on diiron dithiolate cores. Examples of this are CO and/or thiolate dissociation from hexacarbonyl electrocatalysts [26] and the switch from terminal to bridging CO in certain tetranuclear systems. [27] Experimental Section A solution of 1 (0.70 g, 1.7 mmol) in toluene (100 mL) was treated with PMe 3 (0.35 mL, 3.4 mmol). The dark red reaction mixture was refluxed under N 2 atmosphere for 2 h. The solution was then filtered through Celite and the solvent removed in vacuo leaving dark red residue. It was purified by silica chromatography eluting with nhexane/diethyl ether (1:1) mixture. The product was collected as second dark brown fraction. Removal of solvent gave a dark redbrown powder (0.3 g, 32 %) which could be recrystallized from diethyl ether to give crystals of 2 suitable for X-ray diffraction. C,H analysis (%) found (calcd) for C 13 6 ]acetone showed that at low temperature (À80 8C) the single phosphorus signal for PMe 3 group (26.2 ppm) is resolved into two peaks of approximately equal intensity at 29.4 ppm and 29.6 ppm, and is consistent with interconversion of the cisoid and transoid isomers in solution.
A solution of 2 (62.5 mg, 0.13 mmol) in methanol (10 mL) was treated with conc. hydrochloric acid (10 mL) and left to stir under N 2 atmosphere for 1 hour. A red solid precipitated upon addition of saturated aqueous solution of NH 4 PF 6 to the solution. The solid was filtered, washed with water and diethyl ether to give product as dark red powder (58 mg, 71 %). C,H analysis (%) found (calcd) for C 13 À . The line shows the least-squares fit for all data points.
